Correlated neuronal activity is believed to play an important role in refining and maintaining cortical circuitry during early development. Here we provide evidence that globally and locally correlated activity mediate different forms of adult plasticity. Pulses of broadspectrum noise were used to activate time-locked responses across large areas of the rat auditory cortex, globally synchronizing cortical activity. Brief tone pips were used to activate relatively small groups of neurons, generating locally correlated activity. Pairing pulsed noises with nucleus basalis (NB) stimulation in awake rats for 4 weeks broadened spectral tuning, disrupted tonotopic maps, and reduced spontaneous discharge correlation in the primary auditory cortex (AI), as examined under anesthesia. Those effects caused AI neurons to appear qualitatively similar to neurons in nonprimary auditory fields of naive animals. Subsequent pairing of tone pips with NB stimulation for a period of 4 weeks completely reversed these effects induced by previous noise-NB pairing. These findings further demonstrate that the adult auditory cortex retains a substantial capacity for receptive field plasticity and tonotopic map reorganization and that locally correlated activity plays an important role in plasticity in the adult, as in the developing cortex.
Introduction
Although both the developing and the adult sensory cortices are capable of representational plasticity, they appear to be shaped by different types of experiences (Wiesel, 1982; Merzenich et al., 1990) . In an early epoch of life known as the "critical period," passive sensory stimulation without explicit behavioral significance is sufficient to alter the organization of the sensory cortex Simons and Land, 1987; Sengpiel et al., 1999; Zhang et al., 2001) . By contrast, passive experience has less influence on adult cortical sensory representations. The adult cortex appears to be reorganized more often through learning of behaviorally important sensory stimuli under attention-based and reinforced conditions (Diamond and Weinberger, 1986; Recanzone et al., 1992 Recanzone et al., , 1993 Wang et al., 1995; Plautz et al., 2000; Schoups et al., 2001) .
Long-term potentiation can be induced in vitro when presynaptic activity precedes postsynaptic activity by up to 10 -20 msec (Markram et al., 1997; Zhang et al., 1998; Feldman, 2000; Froemke and Dan, 2002) . In adult animals provided with sensory stimulation in vivo, however, similarly correlated presynaptic and postsynaptic activity are not sufficient to induce long-lasting cortical plasticity; an additional behavioral context is required (Ahissar et al., 1992) . Recent studies suggest that neuromodulatory systems mediate these effects of behavioral context (Tremblay et al., 1990; Juliano et al., 1991; Webster et al., 1991a,b; Muir et al., 1993; Dykes, 1997; Hollerman and Schultz, 1998; Kilgard and Merzenich, 1998a,b; Maalouf et al., 1998; Schultz and Dickinson, 2000; Shulz et al., 2000; Ji et al., 2001; Kilgard et al., 2001; Kisley and Gerstein, 2001; Mercado et al., 2001; Sarter et al., 2001; Ma and Suga, 2003) . Brain cholinergic and dopaminergic systems are activated in the cortex during learning (Richardson and DeLong, 1990; Wilson and Rolls, 1990; Stark and Scheich, 1997) . Systematically pairing microstimulation of cholinergic basal forebrain or dopaminergic ventral tegmentum neurons with sensory stimulation induces different types of cortical plasticity that resemble specific forms of plasticity induced by behavioral training Kilgard and Merzenich, 1998a; Bao et al., 2001; Kisley and Gerstein, 2001; Mercado et al., 2001) .
In addition to activation of the neuromodulatory systems, neuronal activity is also required for cortical plasticity. Locally correlated activity, either stimulus-driven or spontaneous, is believed to play an important role in refining and maintaining the intricate cortical circuit during early development (Wiesel, 1982; Katz and Shatz, 1996; Sur and Leamey, 2001) . Artificially increasing global neuronal discharge synchrony deprives the cortex of spatiotemporally or spectrotemporally patterned activity and disrupts functional development of the visual and auditory cortex (Cynader and Chernenko, 1976; Weliky and Katz, 1997; Zhang et al., 2002) . The pattern of input activity also determines the forms of adult cortical plasticity (Kilgard et al., 2001) . For example, synchronous stimulation of adjacent fingers resulted in abnormal multiple-digit receptive fields in the somatosensory cortex in the primate (Clark et al., 1988; Wang et al., 1995) .
To understand how the pattern of input activity affects adult cortical plasticity, we paired pulsed noise and tone pips with nucleus basalis (NB) stimulation in adult animals. Pairing pulsed noise with basal forebrain stimulation rapidly and dramatically degraded functional organization of primary auditory cortex (AI). A degraded AI was subsequently restored in representational detail in all documented respects by pairing trains of tone pips with basal forebrain stimulation.
Materials and Methods
Preparation. Female Sprague Dawley rats (290 -310 gm; 4 -6 months old) were anesthetized with sodium pentobarbital. Platinum bipolarstimulating electrodes (SNE-200, Rhodes Medical Instruments, Woodland Hills, CA; 0.1 mm tip diameter and 0.5 mm separation) were stereotaxically implanted into the right nucleus basalis (3.3 mm lateral and 2.3 mm posterior to bregma, 7.0 mm below the cortical surface). Three bone screws were threaded into a burr hole on the skull to anchor the electrode assembly. Leads were attached to the screws over the cerebellum and cortex to monitor cortical EEG during NB stimulation. All procedures were approved under University of California San Francisco Animal Care Facility protocols.
After a 2 week recovery period, rats were tested for the threshold of current microstimulation (20 biphasic pulses of 0.1 msec duration at 100 Hz) necessary to desynchronize cortical EEG during slow-wave sleep. A small four-pin connector attached to a swivel was used to record the EEG and deliver electric current pulses to the stimulating electrode. Rats with a desynchronization threshold at or below 200 A were included for further study.
A group of 14 awake and unrestrained rats received pairings of pulsed noise (six 25 msec pulses; 5 msec on/off ramps; delivered at a rate of 10 pulses per second; 65 dB total sound pressure level) with NB microstimulation (20 biphasic pulses of 0.1 msec duration at 100 Hz, initiated 200 msec after sound onset, typically 100 -200 A). The noise stimulus was generated using the LabView (National Instruments, Austin, TX) "uniform white noise" function and played through a National Instruments digital-to-analog converter at an update rate of 160 kHz. The white noise sequence was not "seeded" and therefore was unique for each trial. The spectrum of the noise stimuli has been reported previously (Zhang et al., 2002) . Three hundred sixty pairing trials were delivered in daily 2 hr sessions, with a random intertrial interval in the range of 12-28 sec. Pairing took place in a 25 ϫ 25 ϫ 25 cm wire cage located in a 50 ϫ 50 ϫ 50 cm sound-attenuation chamber lined with 3 inch acoustic foam. Overall sound attenuation was estimated at 40 dB. The chamber was illuminated and well ventilated.
After 20 d (5 d/week, 4 weeks) of pulsed-noise pairing, experimental rats were arbitrarily assigned into one of four groups. The auditory cortex was mapped in six rats 24 -48 hr after the last pairing session. A second group of two rats were placed back in their home cages under standard housing conditions; their auditory cortices were mapped 30 d later. A third group of four rats received 20 d of pairing of a train of tone pips (six 25 msec tone pips; 5 msec on/off ramps, delivered at a rate of 10 pips/sec; 65 dB sound pressure level (SPL)] with NB stimulation. A fourth group of two rats were given 20 d of exposure to trains of tone pips. The frequency of the tone pips that were presented to the third and fourth groups of rats was constant within a train but varied between trains. The tone frequency was randomly chosen for each tone train in the range of 1,000 -20,000 Hz. A group of four rats serving as auditory controls were exposed to pulsed noise 2 hr daily for 20 d. A separate control group of two rats received 20 d of NB stimulation alone.
Electrophysiological recording. Surgical anesthesia was induced with pentobarbital sodium (50 mg/kg). Throughout the surgical procedures and during the recording session, a state of areflexia was maintained with supplemental doses of dilute pentobarbital (8 mg/ml, i.p.). The trachea was cannulated to ensure adequate ventilation. The cisternae magnum was drained of cerebrospinal fluid to minimize cerebral edema. The skull was secured in a head holder leaving the ears unobstructed. After the right temporalis muscle was reflected, auditory cortex was exposed and the dura was resected. The cortex was maintained under a thin layer of viscous silicone oil to prevent desiccation. Recording sites were marked on an amplified digital image of the cortical surface vasculature.
Cortical responses were recorded with parylene-coated tungsten microelectrodes (1-2 M⍀ at 1 kHz; FHC, Bowdoinham, ME). Recording sites were chosen to sample evenly from the auditory cortex while avoiding blood vessels. At every recording site the microelectrode was lowered orthogonally into the cortex to a depth of 470 -550 m (layers 4/5), where vigorous stimulus-driven responses were obtained. The neural signal was amplified (10,000ϫ), filtered (0.3-10 kHz), and monitored on-line. Acoustic stimuli were generated using TDT System II (TuckerDavis Technology, Alachna, FL) and delivered to the left ear through a calibrated earphone (STAX 54) positioned inside the pinnae. A software package (SigCal, SigGen, and Brainware; Tucker-Davis Technology) was used to calibrate the earphone, generate acoustic stimuli, monitor cortical response properties on-line, and store data for off-line analysis. The evoked spikes of a neuron or a small cluster of neurons were collected at each site. Single units were isolated either on-line using spike amplitude or off-line using principal components of the spike waveform.
Frequency-intensity receptive fields (RF) were reconstructed in detail by presenting pure tones of 60 frequencies (1-30 kHz; 0.1 octave increments; 25 msec duration; 5 msec ramps) at eight sound intensities (0 -70 dB SPL in 10 dB increments) to the contralateral ear at a rate of two stimuli per second. The tones were presented in a random, interleaved sequence. In off-line RF analysis, activity after a tone was considered spontaneous and was removed from further analysis if all of the eight neighboring tones in the frequency-intensity stimulus grid (i.e., tones within Ϯ0.1 octave of the frequency and within Ϯ10 dB of the intensity) failed to activate the neurons. A computer program was used to automatically characterize the tuning curve of each site as the cortical response threshold as a function of frequency. The characteristic frequency (CF) of a cortical site was defined as the frequency at the tip of the tuning curve. When a tuning curve had a broad tip or multiple peaks, the median frequency at the threshold intensity was chosen as the CF. Response bandwidth 30 dB above threshold (BW30) was defined as the bandwidth of the tuning curve 30 dB above the tip. For multipeaked tuning curves, the response bandwidth was defined as the range from the lowest to the highest frequency at 30 dB about the most sensitive tips that activated the cortical site, possibly encompassing the frequencies in a trough of the tuning curve that did not activate the cortical neurons. The CF and BW30 were automatically determined using computer programs. They were well correlated with those "blindly" characterized by an experienced observer [r (201) Ͼ 0.95; p Ͻ 0.0001 for both CF and BW30]. Two-dimensional autocorrelation series, Corr(⌬f, ⌬I), of the binary (response-no response) RFs were also calculated. The central term Corr(0, 0) was used as a measure of the size of the RFs. The periphery of the RF can be estimated using Corr(0, 0) Ϫ (Corr(1, 0) ϩ Corr(0, 1))/2. For triangular-shaped RFs, the periphery is approximately proportional to the square root of the RF size. The ratio of RF periphery and square root of RF size would be higher for multipeaked or discontinuous RFs than for regular RFs. We defined RF irregularity index as (Corr(0, 0) Ϫ (Corr(1, 0) ϩ Corr(0, 1))/2]/Corr(0, 0) 1/2 minus a constant number of 3. The response latency was defined as the time from stimulus onset to the earliest response (4 ϫ SD above baseline activity) for five frequencies that were nearest the CF at 70 dB SPL. Response magnitude was defined as the average number of spikes per tone, 7-50 msec after stimulus onset, for five frequencies nearest the CF at 70 dB SPL.
To generate cortical maps, Voronoi tessellation ("voronoi" is a Matlab function; The Mathworks, Inc.) was performed to create tessellated polygons, with the electrode penetration sites at their centers. Each polygon was assigned the characteristics (e.g., CF) of the corresponding penetration site. In this way, every point on the surface of the auditory cortex could be linked to the characteristics experimentally derived from a sampled cortical site that was closest to this point. The boundaries of the primary auditory cortex were functionally determined using the following criteria: (1) primary auditory neurons generally have a continuous, single-peaked, V-shaped receptive field, and (2) CFs of the AI neurons are tonotopically organized with high frequencies represented rostrally and low frequencies represented caudally.
To analyze neuronal discharge correlation, spontaneous or stimulusevoked activity was recorded simultaneously from three to four sites. For each pair-wise combination of the recording sites, a cross-correlogram (a histogram of between-site spike intervals) was constructed for a time window from Ϫ100 to 100 msec. An interval Ͻ10 msec (i.e., a pair of spikes within 10 msec apart) was considered a synchronized event. The 10 msec time window was chosen because correlated presynaptic and postsynaptic spikes within this time window induce robust Hebbian plasticity (Markram et al., 1997; Zhang et al., 1998) . The degree of synchronization was assessed using the total number and the percentage of synchronized events. The degree of synchronization resulting from transient responses to dynamic input was estimated for each pair of spike trains using a "shift predictor," which is defined as the cross-correlogram constructed after one of the spike trains was temporally shifted one trial forward relative to the other spike train, with the first trial of the spike train placed at its end (Perkel et al., 1967) .
The degree of synchronization may be correlated with spike rates in a nonlinear manner. For each pair of spike trains, we estimated the number of synchronized events if the two spikes trains were not correlated, using N A N B ⌬/T, where N A and N B are the numbers of spikes in the two spike trains, ⌬ (ϭ 21 msec) is the bin size, and T is the duration of recording (Eggermont, 1992) . The strength of synchrony was then assessed using a Z-score of the number of synchronous events: (Eggermont, 1992) . RF overlap between a pair of recorded sites was quantified with the ratio of the number of tone pips used for RF measurement that activated both sites and the number of tone pips that activated either site. All statistical analyses were done using StatView (SAS Institute Inc.) and the statistics toolbox of Matlab. Unless specified otherwise, statistical significance was assessed using unpaired two-tailed t tests. Data are presented as mean Ϯ SEM.
Results

Increase in discharge synchrony by pulsed noise and tone stimuli
Previous studies indicate that synchronized neuronal activity may be mediated by transient input (Eggermont, 1994) . Pulsed broadband noise should activate a large area of the auditory cortex and induce stimulus-locked synchronous neuronal discharge. In contrast, tone pips should activate a smaller group of neurons that are selective for the tone and synchronize activity among this more spatially limited group of neurons. We examined synchrony in cortical activity recorded from 22 pairs of sites in AI of a naive rat. Spikes trains were recorded during 3 sec periods of silence, pulsed noise (10 pulses per second), and pulsed tones (25 msec pulses; 5 msec on/off ramps, delivered at a rate of 10 pulses per second; 65 dB SPL; frequency at the CF of at least one of the two sites, similar to those used in stimulus-NB pairing). Figure  1 A shows the cross-correlograms of spike trains recorded from two sites that were 1 mm apart. The two sites had nonoverlapping RFs with CFs at 3 and 14 kHz. Spontaneous activity at the two sites was not correlated ( Figure 1 B, the numbers of synchronized events (spike pairs within a 10 msec interval) from all 22 recording pairs were summarized as a function of distance. For pairs of sites with distance Ͻ1 mm, both pulsed noises and pulsed tones increased the total number of synchronized events [paired t test; noise vs spontaneous, t (16) ϭ 5.13, p Ͻ 0.0005; tone vs spontaneous, t (16) ϭ 2.86, p Ͻ 0.05; p values of all paired t tests were adjusted according to sequential Bonferroni's procedure to account for increased probability of a type I error (Quinn and Keough, 2002) ], although pulsed noises had a stronger effect than pulsed tone (t (16) ϭ 4.66; p Ͻ 0.001). For sites Ͼ1 mm apart, pulsed noises increased total number of synchronous spikes, whereas pulsed tones reduced it (paired t test; noise vs spontaneous, t (4) ϭ 2.93, p Ͻ 0.05; tone vs spontaneous, t (4) ϭ 4.14, p Ͻ 0.05). We also analyzed the percentage of synchronized events.
Pulsed noises increased the percentage of synchronized events regardless of the distance (paired t test; t (16) ϭ 10.43, p Ͻ 0.0005 with distances Ͻ1 mm; t (4) ϭ 3.65, p Ͻ 0.05 with distances Ͼ1 mm), whereas pulsed tones increased it for sites Ͻ1 mm apart (t (16) ϭ 5.48; p Ͻ 0.0005) but not for sites Ͼ1 mm apart (t (4) ϭ 1.48; p Ͼ 0.2). These results indicate that pulsed noises cause global synchronization, whereas pulsed tones induce local synchronization and long-distance desynchronization (i.e., reduced total numbers of synchronized spikes).
The chance level synchrony was estimated using N A N B ⌬/T, where N A and N B are the numbers of spikes in the two spike trains, ⌬ is the bin size, and T is the duration of recording. The strength of discharge synchrony, estimated with a Z-score (Fig.  1 D) (for details, see Materials and Methods), confirmed that pulsed noises increased discharge synchronization across all distances (paired t test: t (16) ϭ 9.69, p Ͻ 0.001 with distances Ͻ1 mm; t (4) ϭ 5.22, p Ͻ 0.05 with distance Ͼ1 mm) and pulsed tones increased synchrony over short distances (t (16) ϭ 3.40; p Ͻ 0.005) but not over long distances.
The number of events in the center (Ϯ10 msec) of a "shift predictor" was used to estimate the contributions of stimuluslocked transient responses to synchrony (for details, see Materials and Methods). There were fewer synchronized events for the shifted spontaneous spike trains than for the shifted pulsednoise-or pulsed-tone-activated spike trains (data not shown). When stimulus-locked synchronous events were removed by subtracting the shift predictor from the correlogram, spontaneous, tone-evoked, and noise-evoked spike trains showed a similar degree of synchrony for pairs of neurons that were Ͻ1 mm apart (paired t test; t (16) ϭ 2.01; p Ͼ 0.05) (Fig. 1 E) . For pairs of neurons that were Ͼ1 mm apart, the shift-predictor-corrected synchrony was highest for spontaneous activity (t (4) ϭ 2.80; p Ͻ 0.05) and lowest for noise-evoked responses (t (4) ϭ 3.82; p Ͻ 0.05). These results suggest that the sound-induced increase in synchrony was caused by stimulus-locked responses.
To determine whether NB stimulation alters the patterns of tone-or noise-induced synchrony, we stimulated NB during acute recording (20 biphasic pulses of 0.1 msec duration at 100 Hz, once every 3 sec; typically 100 -200 A). Effective NB stimulation was confirmed visually by its facilitatory effects on spontaneous and tone-evoked discharge (Metherate et al., 1988; Metherate and Weinberger, 1990; Metherate and Ashe, 1993) . Immediately after NB stimulation, pulsed tones or pulsed noise (same as those described before) were delivered. Spontaneous, tone-evoked, and noise-evoked spike trains in a 600 msec window immediately after NB stimulation were recorded and analyzed in 30 pairs of neurons. NB stimulation did not significantly change the patterns of spontaneous and sound-induced synchrony: pulsed noises increased synchrony across all distances (paired t test; t (26) ϭ 7.16, p Ͻ 0.0005 with distance Ͻ1 mm; t (5) ϭ 5.05, p Ͻ 0.05 with distance Ͼ1 mm), and pulsed tones increased synchrony over short distances (t (26) ϭ 2.46; p Ͻ 0.05) but not over long distances (t (5) ϭ 0.53; p Ͼ 0.5) (Fig. 1 F, G) .
Degradation and refinement of the primary auditory cortex by noise-NB and tone-NB pairing
In naive adult rats, the auditory cortex consists of a well defined AI (Fig. 2 A) and less well organized nonprimary auditory fields (see Fig. 6 A) . The AI and the nonprimary auditory areas can be distinguished by their receptive field properties: RFs of AI neurons are typically continuous, single-peaked, and V-shaped ( Fig.  2 D) ; RFs of nonprimary auditory neurons are usually discontinuous, multipeaked, or broadly tuned.
Using RF characteristics to define AI became difficult in the noise-NB paired rats because the RFs of the AI neurons were mostly degraded. Discontinuous, multipeaked, and broadly tuned RFs were observed throughout the auditory cortex (Fig.  2 B, E,F ) . In noise-NB paired animals, the AI area therefore was determined primarily on the basis of its characteristic caudalrostral tonotopic axis. Although there are multiple auditory fields in the rat temporal cortex, low-frequency (Յ4 kHz) representations are located mainly in the caudal end of AI and nearby area (Figs. 2 A-C, 6A, B) . Using low-frequency selective sites as a landmark, AI can be reliably determined as the tonotopic field anterior and slightly dorsal to the low-frequency area. The border of the high-frequency (i.e., the anterior) end of AI was determined using sites that were not tuned to high frequencies (Ͼ25 kHz). Other auditory fields are generally ventral to the low-frequency area (Figs. 2 A-C, 6A, B) . To avoid bias, a computer program was used to determine the CFs on the basis of the recorded RFs. This was particularly important for the noise-NB paired animals because CFs for their AI neurons were often not obvious. Determined in this way, the sizes of AI were not significantly different among the naive, noise-NB, and tone-NB groups (1.11 Ϯ 0.14 mm 2 , n ϭ 4, for the naive group; 1.14 Ϯ 0.20 mm 2 , n ϭ 6, for the noise-NB group; 1.12 Ϯ 0.20 mm 2 , n ϭ 4, for the tone-NB group; ANOVA: F (2,11) ϭ 0.34; p Ͼ 0.5). Furthermore, basic response properties such as response magnitude and latency were not different for primary auditory cortical neurons among the three groups [latency: 10.54 Ϯ 0.29 msec (n ϭ 114) for naive group, 11.17 Ϯ 0.32 msec for noise-NB group (n ϭ 153), 10.77 Ϯ 0.26 msec (n ϭ 105) for tone-NB group, Kruskal-Wallis test, p Ͼ 0.1; magnitude: 2.01 Ϯ 0.13 spikes per tone for naive, 2.03 Ϯ 0.08 for noise-NB, 2.17 Ϯ 0.10 for tone-NB, Kruskal-Wallis test, p Ͼ 0.5).
Receptive field plasticity
First, the sizes of receptive fields (i.e., the number of non-zero pixels in the frequency-intensity response window, excluding spontaneous activity; see Materials and Methods) of all AI sites were measured. Receptive fields were larger in noise-NB paired rats than in naive rats (noise-NB, 175.8 Ϯ 3.9 pixels; naive, Figure 1 . Pulsed noise evokes synchronized cortical activity. A, Cross-correlogram (Ϫ50 to 50 msec) constructed using spikes recorded during 3 sec periods of silence, pulsed noise, and pulsed tone. The frequency of the tone was at the CF of one of the neurons. The inset shows the frequency-intensity receptive fields of neurons sampled at the two sites. Noise but not tone synchronized activity of the two neurons. B, Total number of synchronized events as a function of distance. Spikes within 10 msec apart are consider as synchronized. Cross-correlograms from the pair of sites marked with the arrow are presented in A. C, Percentage of the synchronized events as functions of cortical distance. D, Z-score of neuronal discharge synchrony (see Materials and Methods) as a function of distance. In B-D, pulsed noise increased neuronal synchrony across all distances (i.e., open circles tend to be above closed circles). Pulsed tones increased synchrony when distances were short and decreased synchrony when distances were long (i.e., red circles tend to be above closed circles with distances Ͻ1 mm, and below closed circles with distances Ͼ1 mm). E, Shift-predictorcorrected number of synchronous events (i.e., the total number of synchronous events minus the number of synchronous events after one of the two spike trains was temporally shifted relative to the other), which is the number of synchronous events that were not accounted for by stimulus-locked responses. Shift-predictor-corrected synchrony was not enhanced by tone or noise stimulation, suggesting that the tone-or noise-evoked synchrony was caused by stimulus-locked responses. F, G, Number and percentage of synchronous events in a 600 msec window after NB stimulation. Similar to results in B and C, pulsed noise increased cortical synchrony across all distances, whereas tone pips increase synchrony only for sites Ͻ1 mm apart.
115.0 Ϯ 3.9 pixels). Rats that received noise-NB pairing followed by tone-NB pairing did not have larger RFs (112.4 Ϯ 4.1 pixels; Kruskal-Wallis test, p Ͻ 0.005; post hoc Bonferroni's comparison, noise-NB vs naive, p Ͻ 0.0001; tone-NB vs naive, p Ͼ 0.5).
The degraded spectral selectivity of the AI neurons in the noise-NB paired rats was quantified using BW30. The average BW30 measured in AI neurons of noise-NB paired animal was significantly greater than that observed in naive rats (2.98 Ϯ 0.10 octaves vs 2.32 Ϯ 0.11 octaves) (Fig. 3A) . The BW30 recorded in AI neurons of the tone-NB paired rats was similar to that of naive rats (2.34 Ϯ 0.10 octaves; Kruskal-Wallis test on all groups, p Ͻ 0.0001; post hoc Bonferroni's comparison, noise-NB vs naive, p Ͻ 0.0001; tone-NB vs naïve, p Ͼ 0.5).
Many of the multipeaked and discontinuous RFs emerged in AI of the noise-NB paired animals ( Fig. 2 B, E,F ) . These changes were quantified using an RF irregularity index (Fig. 3B ) (see Materials and Methods for calculation). Noise-NB pairing resulted in significantly higher RF irregularity compared with that of the naive group (Kruskal-Wallis test on all groups, p Ͻ 0.0001; post hoc Bonferroni's comparison, p Ͻ 0.0001). Subsequent tone-NB pairing reduced RF irregularity to a level lower than that of the naive group ( post hoc Bonferroni's comparison, p Ͻ 0.0001). The sites with irregularity index Ͼ2 were rare in naive AI, frequent in AI of noise-NB animals, and never seen in AI of tone-NB animals ( Fig. 2 A-C, hatched areas) .
Neither exposure to the pulsed noise nor stimulation of nucleus basalis alone significantly altered the response bandwidths at 30 dB above threshold or the RF irregularity index ( post hoc Bonferroni's comparison with the naive group: BW30, p Ͼ 0.5; irregularity index, p Ͼ 0.5) (Fig. 3) , which confirms previous findings that acoustic exposure or NB stimulation alone causes little long-term reorganization in adult primary auditory cortex (Kilgard and Merzenich, 1998a; Zhang et al., 2001 ).
In the two rats that received 20 d of noise-NB pairing and were left alone for 30 d after the last pairing session, significant RF degradation was observed in AI neurons ( post hoc Bonferroni's comparison with the naive group: BW30, p Ͻ 0.001; irregularity index, p Ͻ 0.05) (Fig. 3) , although some recovery in irregularity index may have occurred (comparing with noise-NB group, p Ͻ 0.001). Furthermore, these measures were not significantly different from those recorded in the two rats that were exposed to trains of tone pips for 20 d after 20 d of noise-NB pairing ( p Ͼ 0.5 for both BW30 and irregularity index). These results indicate that the refinement of noise-NBdegraded AI observed in the tone-NB rats (Figs. 2-4) was not caused by spontaneous recovery or exposure to tones.
Cortical map disorganization and reorganization
In addition to degrading AI RFs, noise-NB pairing also disorganized cortical maps (Fig. 2 B) . In noise-NB rats, there were often disproportionally large cortical areas representing narrow frequency bands. The overrepresented frequency bands varied among individual animals ( Fig. 2 B , 5 kHz in the AI; Fig. 6 B, 9 kHz in the AI) and were not caused by uneven spectrum of the pulsed noise (Zhang et al., 2002 ). In contrast, nearby neurons were sometimes tuned to distant frequencies in the noise-NB paired animals. In Figure 2 B, for example, the two nearby sites in rostral AI marked with asterisks were tuned to 6.9 and 22.6 kHz tones.
In naive animals, CFs increased gradually from caudal to rostral sites (Fig. 4 A) . In noise-NB-paired animals, this tonotopic order became less precise; all noise-NB-paired animals showed more scattered CF distributions along the rostrocaudal direction [Levene's equality of variances test (Levene, 1960) on residual variance after linear regression on all three groups; F (2,369) ϭ 15.162, p Ͻ 0.0001; post hoc Bonferroni's comparison, p Ͻ 0.0001). Subsequent tone-NB pairing restored tonotopic organization of the cortical maps ( p Ͼ 0.5).
Tonotopicity generally refers to the monotonic CF differencecortical distance function. Sites in AI of naive rats had increasingly different CFs as distance between the sites increased (Fig.  4 B; error bars are smaller than the markers). Noise-NB pairing significantly reduced average CF difference at long distances, whereas tone-NB pairing increased average CF difference (Kruskal-Wallis test for all three groups at each of the bins with distance Ͼ1.4 mm, p Ͻ 0.05; post hoc Bonferroni's comparison, noise-NB vs naive, p Ͻ 0.05; tone-NB vs naive p Ͻ 0.05). The CF difference was not different for the three groups at shorter distances, although many nearby sites in noise-NB paired animals had very different CFs. This is because the noise-NB paired animals often had large AI areas with similar CFs (thus small CF differences). If only the largest 20% of CF differences were compared, they were significantly larger in the noise-NB paired animals than in naive or tone-NB paired animals (noise-NB, 1.44 Ϯ 0.01 octaves; tone-NB, 1.19 Ϯ 0.01 octaves; naive, 1.15 Ϯ 0.05 octaves; Kruskal-Wallis test, p Ͻ 0.001; post hoc Bonferroni's test, noise vs tone, p Ͻ 0.001; noise vs naive, p Ͻ 0.0005; tone vs naïve, p Ͼ 0.5).
In noise-NB paired animals, the percentage of RF overlap was greater at all distances analyzed ( Fig. 4C ; error bars are smaller than the markers), reflecting the broadened spectral tuning (Fig.  3A) and reduced CF difference. Tone-NB pairing reduced RF overlap to normal levels for distant sites (1-1.6 mm) but not for nearby sites. 
Reduced cortical discharge synchrony
Cortical sensory neurons with similar receptive fields tend to discharge synchronously even in the absence of common sensory input, a phenomenon that is substantially mediated by intracortical horizontal connections (Engel et al., 1991) . We analyzed synchrony between spontaneous spike trains simultaneously recorded from three to four sites in the auditory cortex. In tonotopically organized AI, the percentage of synchronous events decreases with increasing distance (Fig. 5 ) (ANCOVA with group as the variable, effect on distance as the covariant for all three groups; F (1, 193) ϭ 87.56; p Ͻ 0.0001). Synchronization is generally higher between sites with larger RF overlap. Given the increased RF overlap in the noise-NB paired animals (Fig. 4C) , we expected enhanced neuronal synchrony. Analysis indicated, however, that noise-NB pairing reduced the percentage of synchronous events (ANCOVA group effect, F (2, 193) ϭ 31.85, p Ͻ 0.0001; post hoc Bonferroni's comparison, noise-NB vs naive, p Ͻ 0.0001). Subsequent tone-NB pairing returned discharge synchrony to normal levels (tone-NB vs naive, p Ͼ 0.2). The degree of synchrony, quantified using a Z-score (for details, see Materials and Methods), was lower in noise-NB paired animals than in naive animals (ANCOVA, F (2, 193) ϭ 42.55, p Ͻ 0.0001; Bonferroni's comparison, p Ͻ 0.0001) and was not different between tone-NB paired and naive animals ( p Ͼ 0.2; data not shown). In the present studies, we analyzed only synchrony of spontaneous firing. Cortical neurons may exhibit different spatial patterns of neuronal synchrony when acoustically stimulated.
Similarity between AI of noise-NB paired animals and nonprimary auditory areas of naive animals
The degraded AI RFs in the noise-NB paired rats lost some of their distinctive characteristics (i.e., continuous response area, Quantitative degradation and refinement of the AI tonotopic maps. A, Rostralcaudal distribution of CFs along the AI tonotopic axis. B, Difference between CFs recorded from two sites as a function of the distance between the sites. C, Overlap of RFs of two sites as a function of the distance between the two sites. Note that noise-NB pairing disrupted AI tonotopicity, resulting in more scatted CF distribution, reduced CF difference at long distances, and increased RF overlap. Data from four noise-NB paired rats are shown in the graph for clarity. All six rats showed quantitatively similar effects. These degradation effects were reversed by subsequent tone-NB pairing.
narrow tuning, and single-peaked tuning curve) and became similar to the RFs of nonprimary auditory neurons (Fig. 6 A, B) . We quantitatively compared characteristics of the AI neurons of the noise-NB paired animals with those of nonprimary auditory neurons of the noise-NB paired and naive animals. Only nonprimary auditory neurons responsive to some tonal stimuli (i.e., showing a peak in the poststimulus histogram) were included for these analyses (total area 1.42 Ϯ 0.37 mm 2 for naive group, 1.66 Ϯ 0.44 mm 2 for noise-NB group). The size of nonprimary auditory fields was relatively variable. Figure 6 , A and B, shows two auditory cortical maps with large nonprimary auditory fields. Tuning bandwidth (as assessed with BW30) of the AI neurons in noise-NB paired animals was not different from that of nonprimary auditory neurons in naive animals (Kolmogorov-Smirnov test, p Ͼ 0.2) (Fig. 7A) . Similarly, noise-NB pairing increased RF irregularity of AI neurons to the level of nonprimary auditory neurons in naive rats (Kolmogorov-Smirnoff test, p Ͼ 0.1) (Fig.  7B ). Discharge synchrony of AI neurons in the noise-NB paired animals was also similar to that of the nonprimary auditory neurons of naive animals (ANCOVA on percentage of synchronous events, F (2,150) ϭ 0.15, p Ͼ 0.5) (Fig. 7C) F (2, 150) ϭ 0.68, p Ͼ 0.5; data not shown). Thus, noise-NB pairing degraded functional organizations of the AI area into a state that was similar to that of nonprimary auditory fields.
We also compared nonprimary auditory fields in the noise-NB and the naive animals. Both BW30 and RF irregularity index were significantly higher for nonprimary auditory neurons in noise-NB paired animals than in naive animals (KolmogorovSmirnoff test, p Ͻ 0.05 for both measures). Tone-NB pairing reversed these effects: BW30 was not different between naive and tone-NB paired animals ( Fig. 7A) ( p Ͼ 0.9999) and RF irregularity index was lower for tone-NB paired animals than for naive animals ( Fig. 7B) ( p Ͻ 0.02) . Discharge synchrony of nonprimary auditory neurons was not different between the noise-NB animals and these controls (ANCOVA, F (2,150) ϭ 0.15, p Ͼ 0.5; F (2,150) ϭ 0.68; Z-score, p Ͼ 0.5; data not shown).
Reduced discharge synchrony is correlated with RF irregularity
Although noise-NB pairing reduced discharge synchrony between AI neurons, it did not alter the relationship between synchrony and distance (Fig. 5 ) (ANCOVA for group ϫ distance interactions, F (2,150) ϭ 0.048, p Ͼ 0.5). Multiple-regression tests indicated that discharge synchrony is correlated with both distance (Fig. 5 ) (r (156) ϭ Ϫ0.506; p Ͻ 0.0001) and the product of the RF irregularity indices (Fig. 8) (r (156) ϭ Ϫ0.442; p Ͻ 0.0001) of the neurons, whereas the distance and the product of RF irregularity indices were not correlated (r (156) ϭ Ϫ0.046, p Ͼ 0.1; data not shown). Thus, the reduced synchrony in the noise-NB paired animals is likely related to degradation of their RFs.
Discussion
The degradation and subsequent refinement of the acoustic representations in adult primary auditory cortex observed in the present study reveals an underestimated and underappreciated capacity for cortical plasticity in adults. Sensory cortex is thought to be more plastic and malleable to reorganization by experience during an epoch of early development. Recent studies indicate that the adult cortex can also be reorganized, specifically when sensory input is attended to or reinforced (Merzenich et al., 1983; Diamond and Weinberger, 1986; Jenkins et al., 1990; Recanzone et al., 1992 Recanzone et al., , 1993 Wang et al., 1995; Nudo et al., 1996; Xerri et al., 1999; Plautz et al., 2000; Schoups et al., 2001; Zhang et al., 2001) . The cholinergic and dopaminergic neuromodulator systems are thought to be involved in attention and reinforcement processes. Pairing stimulation of these neuromodulatory systems with sensory stimuli leads to large-scale cortical remodeling Kilgard and Merzenich, 1998a; Bao et al., 2001; Kisley and Gerstein, 2001) . The current study demonstrates that this process is reversible. It is generally accepted that the development of the cortical circuitry is instructed by both genetic processes and sensory inputs (Sur and Leamey, 2001; Katz and Crowley, 2002) ; however, the relative contributions of the intrinsic and en- vironmental influences to the functional architecture of the cortex are not entirely clear. In the present study, we were able to induce degradation of spectral tuning, tonotopicity, and functional connectivity in adult rat primary neurons, some of the most important features distinguishing AI neurons from nonprimary auditory neurons. These features are the likely results-substrates of sensory input-driven plasticity (Zhang et al., 2002; Chang and Merzenich, 2003) . In contrast, the direction and size of the basic tonotopic axis (i.e., the orientation and distance between the low-CF and high-CF regions) remained unchanged. It remains to be determined whether these aspects of the AI circuit are genetically controlled or whether more fundamentally different stimuli are needed to alter them (Sharma et al., 2000) .
Patterns of locally correlated activity, such as those resulting from wave-like spontaneous discharges or activated by patterned input, play an important role for the development of the normal functional organization of sensory cortex (Wiesel, 1982; Katz and Shatz, 1996; Sur and Leamey, 2001 ). Artificially altering the correlational structure of neural activity results in abnormal cortical circuitry. For example, globally synchronizing visual input by stimulating the optic nerve or strobe-rearing disrupts ocular dominance columns, orientation selectivity (Weliky and Katz, 1997) , and directional selectivity of visual cortical neurons (Cynader and Chernenko, 1976; Humphrey and Saul, 1998) . Synchronous auditory input (i.e., pulsed noise or clicks) disrupts the refinement of receptive fields and the development of tonotopic cortical map (Sanes and ConstantinePaton, 1985; Zhang et al., 2002) . Decorrelation of binocular inputs by artificial squint leads to reduction in the number of binocular cortical neurons Lowel and Singer, 1992) .
In adult cortex, temporally correlated inputs induce expansion of the somatosensory receptive fields (Clark et al., 1988; Recanzone et al., 1992; Wang et al., 1995) . Our results indicate that pairing pulsed noise with NB stimulation broadens spectral tuning of adult AI neurons. The effects can be reversed by pairing tone pips with NB stimulation.
The reestablishment of tonotopicity with tone-NB pairing appears to depend on information provided by varying frequency tone stimulation. Results presented in Figure 1 indicated that more than half of AI could be activated synchronously by tone pips; however, this synchronization is relatively local compared with that induced by pulsed noise. With tone-pip stimulation, there are two populations of neurons, one activated, the other not activated. The population of activated neurons changes with the frequency of the tone pips. Although two neurons that are relatively far apart (e.g., 1 mm apart) may occasionally be synchronized, the probability of synchronization of their activity by varying-frequency tone pips is low. The probability of two neurons being synchronously activated by varying-frequency tone pips is, on average, a decreasing function of distance, which could provide critical information for refinement of the topographic representational maps. The effects of noise-NB pairing are qualitatively similar to those induced by noise rearing: broadly tuned, multipeaked receptive fields, disrupted tonotopicity, and reduced discharge correlation. The similarities between the noise-NB pairing and noise-rearing effects suggest that the principles that govern developmental plasticity and NB-enabled adult plasticity may be similar: locally correlated activity refines and globally synchronized activity degrades the functional organization of primary auditory cortex.
Pairing mild electrical stimulation of cholinergic or dopaminergic neurons with sensory stimulation of the cortex has been widely used to study mechanisms of cortical plasticity Kilgard and Merzenich, 1998a; Bao et al., 2001; Kisley and Gerstein, 2001; Verdier and Dykes, 2001; Ma and Suga, 2003) . For these paradigms to be physiologically relevant, the neuromodulator system and auditory cortex should be activated as they are under physiological conditions. In the present study, NB was stimulated at 100 Hz for 200 msec for each trial. NB neurons are capable of prolonged firing at such a rate under conditions of learning or sustained attention (Richardson and DeLong, 1990; Wilson and Rolls, 1990) . The levels of NB electrical stimulation were set to desynchronize cortical EEG for only 1-2 sec, consistent with behaviorally induced cortical desynchronization. Thus, pairing of acoustic and NB stimulations mimics certain physiological conditions that normally occur in acoustic learning. Moreover, different forms of plasticity induced with sound-NB pairing share similarities with those that are behaviorally induced Weinberger, 1986, 1989; Recanzone et al., 1990 Recanzone et al., , 1992 Recanzone et al., , 1993 Kilgard et al., 2001) . With these pairing paradigms, robust cortical plasticity can be induced conveniently and consistently in adult auditory cortex. We can also dissect distinctive roles of different neuromodulator systems in cortical plasticity Kilgard and Merzenich, 1998a,b; Bao et al., 2001 Bao et al., , 2003 Kisley and Gerstein, 2001; Ma and Suga, 2003) .
Basal forebrain neurons are activated by sustained attention in learning (Muir et al., 1993; Sarter et al., 2001; Arnold et al., 2002) , conditions in which adult cortical plasticity often occurs. These neurons broadly innervate sensory cortices and are well suited to signal a learning context for cortical plasticity (Mesulam et al., 1983) . Our results support the notion that basal forebrain cholinergic activity serves as a gating signal that allows the cortex to operate specifically on behaviorally important stimuli. The specific form of plasticity is determined by the properties of the coincidental sensory input (Dykes, 1997; Kilgard et al., 2001) .
Repetitive pairing of noise with basal forebrain stimulation used in our study simulates a condition of sustained attention to synchronizing noise. Heavily attended, synchronous somatosensory stimulation to multiple fingers has been shown to disrupt sensory functions and cause focal hand dystonia (Byl et al., 1996; Elbert et al., 1998; Sterr et al., 1998a; Bara-Jimenez et al., 2000; Blake et al., 2002) . The degraded cortical stimulus representations observed in the present and other studies may be an underlying mechanism for the impaired sensory and motor functions (Byl et al., 1996 Elbert et al., 1998; Sterr et al., 1998b; Blake et al., 2002) . Redifferentiation of degraded cortical representations through plasticity induced with asynchronous sensory stimulation may be a plausible method to restore function Zeuner et al., 2002) .
